Mucins are being implicated in diagnosis, prognosis, and as therapeutic targets due to their aberrant expression in a variety of carcinomas. Here, we have analyzed the expression of MUC4 and have compared its potential usefulness in early detection and prognosis of ovarian carcinoma alone and in combination with other mucin antigens, MUC1 and MUC16. Clinical significance of the differential mucin expression was evaluated by grouping the tumor samples in early (stage I and II) and advanced (stage III and IV) stage cases and histological subtypes (serous, mucinous, endometrioid and clear cell). Correlation of these mucins with patient's survival (n ¼ 63) was determined by Kaplan-Meier analysis in order to predict their prognostic value. MUC4 showed significant overexpression in tumor cases (Po0.0001) with highest incidence (92.0%) among all three mucins. A significant overexpression of MUC1 (Po0.018) and MUC16 (Po0.0001) was also observed in 83.0 and 79.0% of tumor samples, respectively. Notably, MUC4 expression was significantly higher (Pr0.004) compared to both MUC1 and MUC16 in early-stage ovarian tumor samples with 100% incidence. In advanced stage ovarian tumors, all the mucins displayed overall comparable expression, nonetheless, MUC4 had highest prevalence (88.0%) compared to MUC1 (84.0%) and MUC16 (81.0%). A combined panel of MUC4 with MUC16 detected 100% of the late-stage tumor cases without compromising the specificity. Among histological subtypes, only MUC4 displayed 100% (n ¼ 5) sensitivity in mucinous ovarian tumors, while MUC1 and MUC16 detected 40 and 20% cases, respectively. The expression of MUC4, however, did not significantly correlate with the survival of the ovarian cancer patient, while a significant correlation of MUC16 with poor prognosis was observed. In conclusion, our study demonstrates that MUC4 could be a potential candidate marker for early diagnosis of epithelial ovarian carcinoma and can be utilized in combination with MUC16 to achieve greater sensitivity for the detection of late-stage tumors.
Ovarian cancer is the fourth leading cause of cancerrelated death in women. According to an estimate by the American Cancer Society, 22 220 new cases were diagnosed and 16 210 women died due to ovarian cancer in the year 2005. 1 Epithelial ovarian carcinoma (EOC) is the most common (90% cases) and malignant form of ovarian cancer and is frequently associated with widespread intraperitoneal metastasis. Most patients present with advanced disease at the time of diagnosis, for which highly effective curative therapy is currently unavailable. [2] [3] [4] Hence, there is an urgent need of ultrasensitive, reliable and effective biomarker(s) for the early detection of this disease in order to minimize the high morbidity and deaths in ovarian cancer patients. Current strategies for the detection of EOC are based on biochemical markers, such as CA125, and biophysical markers assessed by ultrasound and/or Doppler imaging of the ovaries. 4, 5 Unfortunately, the clinical utility of these strategies for the early detection of EOC using these modalities have been limited due to the lack of specificity and predictive value. [6] [7] [8] Owing to the surface epithelial origin of EOC, mucins can be interesting biomolecules to serve as markers of diagnostic significance. 9, 10 To date, 20 human mucins have been identified and categorized into two classes (secreted/gel forming and membrane bound) based on their structural characteristics and physiological fates. 11, 12 Mucins are produced by secretory epithelial cells for the lubrication and protection of ducts and lumen within the human body. 10, 13, 14 However, mucins are also believed to play an important role in the pathogenesis of benign and malignant diseases of secretory epithelial cells. 10, 11, 15 An aberrant expression of mucins has been reported in a variety of carcinomas. CA125, a tumor biomarker being used in clinics for the diagnosis of EOC, is actually a mucin (MUC16). 16, 17 Despite being a sensitive marker, the utility of CA125/MUC16 is limited owing to its elevation in benign conditions such as, endometriosis, pelvic inflammatory disease and pregnancy. 2, 3, 5 Another mucin, MUC1 has also been studied in relation to its aberrant expression and pathological functions in ovarian carcinoma. MUC1 is a transmembrane mucin that is overexpressed in ovarian cancer and has been shown to influence the metastatic ability of ovarian carcinoma. 18 Currently, it is also being explored as a target for antibodymediated tumor therapy. 19, 20 MUC4, a high molecular weight membrane-bound mucin is aberrantly expressed in several types of carcinomas. 10, 11, 14 It is a multifunctional protein that is implicated in numerous cellular functions including cell adhesion, motility, signal transduction, tissue regeneration and differentiation, and tumor growth and metastasis. 10, 11, 14, 21 An earlier study has shown that MUC4 is aberrantly expressed in ovarian carcinoma at transcript level and a significant decrease in MUC4 expression is reported with disease progression. 22 However, as tumor is a heterogeneous mass of tissue and genes can be regulated post-transcriptionally, it is imperative to study the expression of a gene at protein level in order to predict its association with clinical outcome. In this study, we have investigated the expression of MUC4 in ovarian tumors and normal ovarian tissues using immunohistochemical (IHC) analysis. Expression profiles of MUC1 and MUC16 have also been studied in the same samples to compare the clinical significance of MUC4 alone and in combination with these mucins. Our studies clearly demonstrate that MUC4 can be a useful marker for early diagnosis of ovarian carcinoma and can be used in combination with MUC16/ CA125 to achieve better sensitivity. In addition, we show that the expression of MUC16 correlates with a poor prognosis, while the expression of MUC4 indicates a trend toward the short survival of the ovarian cancer patients.
Materials and methods

Tissue Specimens
In total, 63 ovarian cancer (15 frozen and 48 paraffin embedded) and 10 normal ovarian (six frozen and four paraffin embedded) tissue samples were used in this study. Samples were obtained after approval of the protocol by the Institutional Review Board (IRB) at the University of Nebraska Medical Center, Omaha, NE, USA. Thick paraffin sections (4 mm) were stained with hematoxylin and eosin for pathological evaluation. The histological type (according to WHO 2003) and pathological stage (according to AJCC) were assessed by a surgical pathologist (SLJ).
Immunohistochemistry
Frozen tissues were cut into small pieces and embedded in OCT compound (Sakura Fine technical Co., Tokyo, Japan) for cryosectioning. Sections (4 mm) were cut on a LEICA CM 1850 cryostat and mounted on super-frost, positively charged glass slides. Sections were fixed in chilled methanol and kept at À201C for at least 10 min. For paraffin-embedded blocks, sections (4 mm) were cut by tissue microtome and mounted on the slides. Sections were deparaffinized using EZ-DeWaxt (Bio Genex, San Ramon, CA, USA) and then rehydrated with graded alcohols. Heat-induced antigen retrieval was performed in citrate buffer (pH 6.0) by heating slides in a microwave oven at 700 W for 15 min and the sections were processed for immunohistochemistry as described previously. 14, 23 In breif, the tissue sections were washed thrice with phosphate buffered saline (PBS) and incubated with 0.3% H 2 O 2 in methanol: PBS (1:1) solution for 30 min to quench the endogenous peroxidase activity. Slides were then washed with PBS and incubated with normal serum (Vectastain ABC kit, Vector Laboratories, Burlingame, CA, USA) for 30 min for blocking the nonspecific immunostaining. The sections were then incubated with a 1:100 dilution of anti-MUC1 (HMFG-2) 24 or MUC4 (8G7) 23 or MUC16 (OC125) 25 mouse monoclonal antibodies at room temperature for 1 h. To confirm the specificity of the IHC staining, one set of the slides was incubated with PBS without any primary antibody (no antibody control). Slides were washed (3 Â 5 min) with PBS containing 0.05% Tween-20 (PBS-T) and the sections were incubated with biotinylated-secondary antibody for 30 min slides were washed again (3 Â 5 min) with PBS-T before incubation with ABC solution (Vector Laboratories) at room temperature. The reaction color was developed by treating the tissue sections with 3, 3-diaminobenzidine (DAB) substrate (DAB substrate kit, Vector Laboratories) as per the manufacturer's instructions. A reddish-brown precipitate indicated positive immunoreactivity. The slides were washed with water, counter-stained with hematoxylin, dehydrated and mounted with Vectamount permanent mounting media (Vector Laboratories).
Assessment of Antigen Staining
All slides were analyzed using a Nikon Eclipse E400 Microscope (Japan). The intensity of immunoreactivity of the MUC1, MUC4 and MUC16 was scored. Staining intensity was graded on a 0 to 3 scale (0 for no staining, þ for weak immunoreactivity; þ þ for moderate immunoreactivity; and þ þ þ for strong immunoreactivity). The percentage of cells that showed positive immunoreactivity within the normal epithelial/cancerous region of the section was scored as follows: 1 for 0-25%; 2 for 26-50%; 3 for 51-75%; and 4 for 76-100%. The values of the staining intensity and the percent of immunoreactive cells were multiplied to obtain a composite score ranging from 0 to 12
Statistical Analysis
Paired t-tests were used to analyze the significant differences between MUC1, MUC4 and MUC16 immunostaining in all samples and also in early-(low) and late-(advanced) stage subgroups. P-values have not been adjusted for multiple comparisons. Overall survival times were calculated as months from diagnosis to death from any cause at the date of last follow-up. Patients alive at last follow-up were treated as censored. Survival distributions were estimated using the Kaplan-Meier analysis and the log-rank test was used to compare distributions between composite staining score categories. P-values less than 0.05 were considered to be statistically significant.
Results
MUC4 is Overexpressed in Ovarian Tumors
An aberrant expression of MUC4 has previously been reported in ovarian tumors using Northern blot analysis and in situ hybridization. 22, 26 In the present study, our goal was to analyze the expression of MUC4 in situ at protein level. Owing to immunohistochemistry being more practical for routine clinical testing and a direct measure of protein level, we performed IHC profiling in normal ovary (n ¼ 10) and tumor (n ¼ 63) tissues utilizing a MUC4-specific monoclonal antibody, 8G7. This antibody was developed in our laboratory and has been well characterized and used effectively in previous studies for similar applications. 27, 28 MUC4 was detected in 92% of ovarian tumor samples with a differential immunostaining ( þ 1 (14.0%), þ 2 (43.0%) and þ 3 (35.0%)), while no or very faint staining was observed in the normal ovarian epithelial cells (Table 1 , Figure 1a and b). No background staining was detected in the sections incubated without the anti-MUC4 antibody confirming the specificity of the IHC assay ( Figure 1c) . A statistical difference (Po0.0001) between the mean composite scores for MUC4 staining in the normal ovary (0.6) and tumor tissue (4.1) was observed ( Table 2 ).
Comparative Immunoprofiling of MUC1, MUC4 and MUC16 in Ovarian Carcinoma
Our previous data showed that MUC4 was aberrantly expressed in ovarian carcinoma and could be a potential tumor marker ( Figure 1 ). Therefore, we next compared its expression profile with MUC1 and MUC16, the two mucins overexpressed in ovarian cancer, to evaluate its potential utility as a marker for disease diagnosis. MUC16/CA125 is an established diagnostic marker for ovarian carcinoma and is being routinely used in clinics. 29 IHC analyses demonstrated differential expression profiles of MUC1, MUC4 and MUC16 (Table 1) . Of the total 63 ovarian tumor samples, 30.0, 46.0 and 6.0% samples showed þ 1, þ 2 and þ 3 intensity grade immunoreactivity for MUC1, respectively, with a mean composite score of 3.1770.34 (Table 1 ). For (Table 1 ). In addition, all three mucin antigens displayed significant overexpression (Po0.05) in ovarian tumor compared to normal ovary (Table 2 ) and the difference in mean composite score values were very highly significant (Po0.0001) for both MUC4 and MUC16. Of interest, the difference between the mean composite scores of normal ovary and ovarian tumor was higher for MUC4 (3.5) compared to that of MUC16 (3.0) ( Table 2) . A similar immunostaining pattern of MUC1, MUC4 and MUC16 was observed in both frozen and paraffin-embedded sections.
Expression Analysis of MUCs (MUC1, MUC4 and MUC16) among Different Subtumor Types
Based on the morphological differences, we grouped the available tumor samples into four major histological types (clear cell, serous, mucinous and endometrioid). Of the 63 tumor samples, four tumor tissues (two borderline, one granulosa and one transitional type) were excluded. Remaining 59 tumor samples were assigned as clear cell (n ¼ 9), serous (n ¼ 36), mucinous (n ¼ 5) and endometrioid (n ¼ 9) subtumor types. MUC1 and MUC4 staining was mainly observed in the cytoplasm and cell membrane in majority of the cases, except for the endometrioid tumor types, which showed a clear staining in the apical and basal region of cells with a faint staining in the cytoplasm (Figure 2 ). On the other hand, MUC16 was specifically observed at the cell surface in the apical region in the majority of the cases, except for the clear-cell type, where it was also detected in the cytoplasm (Figure 2 ). The expression of MUC1, MUC4 and MUC16 was detected in all tumor types. However, among mucinous ovarian tumors, 100% (n ¼ 5) of the samples were positive for MUC4, while only 40 and 20% showed immunoreactivity for MUC1 and MUC16, respectively ( Figure 2 ). (Table 3) . On the other hand, a positive staining for MUC4 was observed in all the cases with þ 1, þ 2 and þ 3 grade immunoreactivity in 21.0, 47.0 and 32.0% of the cases, respectively. In addition, the mean composite score value for MUC4 was significantly higher than that of MUC1 (P ¼ 0.004) and MUC16 (P ¼ 0.003) ( (Table 3) . Altogether, MUC4 emerged as a most sensitive marker detecting 100 and 88.0% of the early and late-stage cases, respectively (Figure 3a) . In addition, MUC4 in combination with either MUC1 or MUC16 detected all early and late-stage tumor samples, albeit it also resulted in the increased number of positive cases in normal ovarian tissues (Figure 3a) . At a set cutoff, 2 (composite score), MUC4 still detected 95.0 and 77.0% of early and late-stage tumor cases, respectively with a considerable reduction in the number of false-positive cases (Figure 3b ). 3b). Therefore, our data suggest that MUC4 alone or together with MUC16 is a good marker for early-and late-stage diagnosis of ovarian carcinoma.
Prognostic Significance of MUC1, MUC4 and MUC16 Expression
Correlation between the patient's survival and the expression of MUC1, MUC4 and MUC16 was examined using Kaplan-Meier analysis. Of 38 patients with complete survival information, 23 (61%) had died and 15 (39%) were alive at last contact. The median follow-up for patients alive at last contact is 84 months (range: 60-108 months). For the individual MUC, staining variables r2 or 42 was used as a cutoff point for staining. In the combination analysis (MUC4 þ MUC16), the composite score was calculated by adding the composite score values of MUC4 and MUC16. The composite score of MUC4 þ MUC16 ranged from 1 to 16 and r10 or 410 was used as a cutoff point. In our analyses, MUC1 did not show any correlation in estimated survival distributions (Figure 4a) , while a trend toward poor survival was observed for MUC4 (P ¼ 0.079) (Figure 4b ). Importantly, a statistically significant correlation (P ¼ 0.046) for MUC16 was observed with the poor survival of the patients (Figure 4c ). MUC4 and MUC16 expression in combination also showed an improved trend toward poor patient survival, although it was still insignificant (P ¼ 0.057) (Figure 4d ).
Discussion
Regardless of the progress made in recent years, ovarian cancer mortality has remained relatively constant for more than three decades.
1 This is largely attributed to the lack of early detection, as most ovarian carcinomas (475%) are clinically detected at late stages, 4 underscoring the need for the identification of novel biomarkers for the early detection. These biomarkers can be used alone and/ or in combination with currently available diagnostic markers/technologies to achieve greater sensitivity and a reduced false-positive rate of screening. In the present study, we evaluated the clinical significance of MUC4 mucin expression in ovarian carcinomas along with two other mucin antigens, Figure 3 The sensitivity and specificity of MUC1, MUC4 and MUC16 alone and in combination with each other for the diagnosis of early-and late-stage ovarian tumor samples. (a) The percent positive cases of early and advanced-stages ovarian tumors and normal ovary are plotted for each marker. MUC4 alone shows 100 and 88.0% sensitivity for early-and advancedstage tumors, respectively. On the other hand, MUC1 and MUC16 showed only 79% and less than 84% sensitivity in early and advanced-stage samples, respectively. The specificity of MUC4 was better than MUC1 and comparable to MUC16. In addition, MUC4 in combination with MUC1 and MUC16 exhibited 100% sensitivity even for late-stage tumors. (b) When the percent positive cases are plotted at a cutoff value 2 of composite score, MUC4 alone showed 95% sensitivity for early-stage tumors and the highest sensitivity (77.0%) for advanced-stage tumors. MUC4 in combination with MUC16 detected~95% of the advance-stage tumors without loosing the specificity, however, no gain in sensitivity was recorded for early-stage tumors.
MUC1 and MUC16/CA125. Our data clearly demonstrate that MUC4 is upregulated in most of the tumor tissues examined (Table 1) , while no or faint staining is observed in normal ovary samples ( Figure 1, Table 2 ). MUC1 and MUC16 also exhibited differential levels of immunoreactivity; however, the corresponding difference between mean composite scores (normal and ovarian tumor) was statistically significant (Po0.0001) for MUC16 only (Table 2) . In an additional analysis where we grouped the tumor samples in two categories (early and late stages), MUC4 emerged as an independent marker and detected 100% of the early-stage tumor samples (Table 3) . Moreover, MUC4 exhibited the highest percentage of reactivity even among latestage tumors. The profiles of mucin gene expression in different histological types revealed the highest sensitivity of MUC4 for mucinous, endometrioid and clear-cell carcinomas; however, the sample size was limited to determine any significant correlation (Figure 2) .
The pattern of mucins (MUC1, MUC4 and MUC16) expression reported herein is consistent with previous reports in ovarian cancer. 3, 18, 22 MUC16/CA125 is the most thoroughly investigated biomarker in ovarian carcinoma and is currently in use for disease diagnosis. [2] [3] [4] In earlier studies, MUC4 expression in ovarian carcinoma was also examined at the transcript level using Northern blot and in situ hybridization analyses. 22, 26 It was reported that MUC4 expression significantly decreased in advanced cancer stages; however, the status of MUC4 expression in the normal ovary was not studied. 22 In the present report, we examined the MUC4 expression by IHC analysis in normal ovary and ovarian tumor tissues. In agreement with previous study, we also observed a downregulation of MUC4 expression in advanced-stage ovarian tumors as compared to the early-stage tumors. However, we did not see a positive correlation of MUC4 with patient's prognosis. Nonetheless, our data demonstrated a trend toward poor survival in patients with MUC4 expressing ovarian tumors (Figure 4 ). These contradicting observations may either be due to sample variation or due to the difference in the analytical approach. In the previous study, 22 expression of MUC4 was studied at the mRNA level, which is subject to post-transcriptional regulation. In addition, as tumor is heterogeneous population of cell types, the use of Northern blot analysis utilizing tumor tissue RNA may result in reduced sensitivity. IHC analysis, on the other hand, is a powerful technique that analyzes gene expression in situ. Moreover, it can also provide information regarding the subcellular localization of the protein, which, in some cases, may also be an important determinant for clinical outcome. 30 In our study, both MUC4 and MUC16 showed significant differences in the mean composite scores between normal ovary and ovarian cancer tissues, however, MUC4 displayed the highest immunoreactivity and incidence in ovarian tumors (Tables 1  and 2 ). The mean composite score for MUC1 in ovarian tumor tissues was comparable to that of MUC16, but no significant difference with normal ovary tissue was observed. Together, these data suggest that besides MUC16, MUC4 can also be a potential marker for ovarian cancer providing better sensitivity. Of further importance was our analyses in early-vs late-stage ovarian tumors, where MUC4 exhibited 100% sensitivity in early-stage tumors compared to 79% sensitivity for MUC1 and MUC16 (Table 3) . In a pairwise comparison, the mean composite score value for MUC4 was also significantly higher than that of MUC1 and MUC16, suggestive of its potential as a better marker for early diagnosis. Even amongst late-stage tumors, MUC4 showed highest incidence (88.0%), however, its mean composite score value was slightly, but insignificantly, lower than that of MUC16. To depict the overall performance of all the three mucin antigens, alone and in combination, we have plotted two histograms (Figure 3a and b) . The first histogram considers the entire positive cases (Figure 3a) , while in the second one, we made a cutoff of 2 for composite score value to reduce the number of cases detected in the normal ovary (Figure 3b ). This analysis clearly demonstrates that MUC4 alone and/or in combination with MUC16 is a good marker for the diagnosis of ovarian cancer.
In different histological types of ovarian tumors, our data demonstrated an apparent overexpression of MUC1, MUC4 and MUC16 in all tumor types except mucinous tumors (Figure 2 ). However, MUC4 was the only mucin that was detected in all the cases of mucinous and endometrioid tumor types. This is an important observation and needs to be explored further, as currently, only a small percentage of mucinous tumors can be detected by CA125 (present observation and a previous study 29 ). Of note, the staining of MUC1 and MUC4 was observed both in the cell membrane and in the cytoplasm in majority of the ovarian tumor samples, whereas MUC16 was predominantly localized on the cell membrane with a few exceptions of cytoplasmic staining (Figure 2) . In a previous study, the high cytoplasmic staining of MUC1 has been associated with poor prognosis in breast carcinomas. 30 A similar correlation could also be made for ovarian carcinoma; however, it needs to be examined in larger sets of tumor samples. In an attempt to predict the prognostic value of mucin antigens, we observed that a higher expression MUC16 is significantly correlated with the overall poor survival of ovarian cancer patients. The expression of MUC4 also indicated a trend towards poor prognosis; however, it needs to be examined further to test significance ( Figure 4 ). These observations warrant future investigations to understand the potential involvement of these mucins in the disease pathology.
In summary, the results from this study demonstrated that MUC4 is upregulated in ovarian cancer with a relatively higher incidence in early-stage tumors. We propose that MUC4 can serve as an independent marker for early diagnosis of ovarian carcinoma and can be utilized in combination with MUC16/CA125 to achieve greater sensitivity for the detection of late-stage tumors. MUC16 alone stood as a good prognostic marker, while MUC4 showed a trend toward poor survival of the cancer patients. Future studies are needed to exploit these findings and to develop a MUC4-based analytical procedure for the early detection of ovarian carcinoma. An intraperitoneal/ascitic fluid-based assay will be more appropriate in consideration of the widespread intraperitoneal metastasis of ovarian carcinoma.
